A novel method for large-scale culture of anchorage-dependent cells is de-scribed. Culture vessels were constructed by using roller bottles and Pyrex tubing. Parallel glass tubes, equally spaced by silicone rings and inserted into the roller bottles, provided an increased culture area. The roller bottles were fitted with a second openinF for medium recirculation. Culture vessels of 1,000-, 4,000-, 8,000-and 16,000-cm growth area were constructed to propagate Vero, BS-C-1, primary chicken embryo, and IMH-P cells. These cultured cells were used to efficiently produce several viruses: rubella virus, measles virus, poliovirus, cytomegalovirus, and herpesvirus of turkey.
Several cell culture systems have been proposed for mass production of anchorage-dependent cells and viruses for fundamental studies or for the preparation of biological products for therapeutic use. The most widely used system is the roller bottle (3, 7) , but more efficient methods have been proposed with varying degrees of success: spiral plastic film (2), the perfusion system (4, 6) , glass beads (13) , rotary column (8) , and multisurface propagator (9, 12) . More recently, microcarriers (1, 10, 11) have been proposed and seem promising. Most of these systems are commercially available, but none has gained overall acceptance.
In our laboratories, we have designed a new culture vessel which contains multiple glass tubes and is equipped for medium recirculation. The multiple-tube system (TM) is a roller bottle into which glass tubes are introduced to form a bundle of cylinders spaced by silicone rings. This paper describes the system and gives yields for different cell lines and viruses. (The Bellco-Corbeil TM System is now being distributed by Bellco Glass, Inc., 340 Edrudo Road, Vineland, NJ 08360, and has been patented.)
MATERIALS AND METHODS Culture vessel construction. Roller bottles (Flow Laboratories, Inc., Rockville, Md.; Bellco Glass, Inc., Vineland, N.J.; New Brunswick Scientific Co., New Brunswick, N.J.) were modified as illustrated in Fig.  1A . The bottom of the bottle was cut out and replaced by the neck and opening of a second similar bottle. Glass work was performed locally by a glassblowing shop (Montreal Glass Blowing, Montreal, Canada). Bottles of various diameters were filled with lengths of Pyrex glass tubing (7-mm ID, 9-mm OD) on which rings (5 mm wide) of silicone flexible tubing (7-mm ID, 9-mm OD; Dow Corning Co., Midland, Mich.) were fitted alternately near each end to provide equal spacing between tubes and to insure tight fitting (Fig. 2) . Pencils introduced into the open ends of the tubes were used to fit the tubes inside the bottles. Two types of screw caps were used: regular roller bottle screw caps and caps modified for medium circulation. These latter caps were modified by boring a hole 9 mm in diameter and fitting a threaded stainless steel nipple (5 cm by 7-mm ID, 9-mm OD) (Fig. 1B) Maintenance and sterilization. After use, the vessels were first decontaminated by autoclaving for 60 min, and they were then soaked for 24 h in a detergent solution suitable for tissue culture work (Seven-X; Linbro Co.). After a 20-min rinse with running tap water, the vessel was slowly flushed for 60 min with distilled water. The vessels were emptied, openings were plugged with cotton wool, and the vessels were wrapped in Kraft paper. The units were then sterilized for 60 min at 1200C and 103 kPa. The medium reservoir and connecting tubings were autoclaved separately after normal cleaning procedures.
Titration of viruses. Virus titration assays were performed by cytopathic effect, according to the standard methods described by Lennette Reservoirs were selected to maintain a constant volume-area ratio. The ratio was computed from a 75-cm2 flask containing 40 ml of medium (a ratio of about 0.5 ml/cm2). This value was selected to maintain a suitable nutrient level for the module used. The large number of cells in the modules tended to cause rapid acidification of the medium. Recirculation was necessary to insure adequate gas exchange and nutrient levels for the cell monolayers. Partial filling of the reservoirs, together with the fact that the silicone tubing was gas permeable, provided adequate oxygen and carbon dioxide exchange through constant circulation of medium. After preliminary experiments, recirculation rates of 5 to 10, 20 to 40, 50 to 100, and 100 to 200 ml/ min were selected for TM-1, -4, -8, and -16, respectively. These flow rates permitted adequate pH control within the modules.
To ensure that a proper medium distribution occurred within the TM vessels, dye tests were performed. The modules were filled with distilled water and connected to a reservoir also containing distilled water but with 1% neutral red. When circulation was initiated with the peristaltic pump, the dye entered the module and was distributed evenly through all of the cylinders.
Cell culture. Confluency was usually attained in 7 days, and cells could be harvested by using trypsin to disperse monolayers. Table 1 indicates the volume of trypsin selected for the different modules.
In TM modules cell densities were similar to or higher than the densities obtained in roller bottles for the three cell cultures selected ( bottles would have been required, respectively (computed from data in Table 2 ). Although larger TM modules could be built, we found that the TM-16 was large enough for our purposes and easy to handle. For larger cell needs, the TM modules were set in parallel, and a glass manifold was used to distribute the culture medium to each module.
Virus production. From these results we feel that our system offers several advantages not only for growing cells but also for producing viruses at high titers.
DISCUSSION
The need for large amounts of cells and viruses prompted us to upgrade the existing roller bottle system, which requires numerous manipulations and therefore increases the risk of contamination and biosecurity problems. The system had to be relatively low cost and simple to use and handle.
We designed a modification of the roller bottle in which an increased growth area was obtained by using glass tubing as a suitable substrate for cell growth. Pyrex glass tubing (7-mm ID, 9-mm OD) was selected because it provided a sufficient surface and unrestricted flow through the tubing. Silicone tubing rings were added because unseparated tubing restricted medium flow where tubes touched each other. Recirculation of the medium had to be included because the amount of medium in the TM module was not sufficient for long-term cell culture and because gas exchange had to be provided. The reservoir and silicone tubing provided the latter requirement.
Cells were grown in four different modules having up to 16,000-cm2 surface area without any loss in cell density as compared with the
